ABSTRACT
INTRODUCTION
The basic task of hydroacoustic devices are used to observe the underwater environment [1, 2, 8, 9, 14, 15] . Their basic task is to search, locate and identify objects at the bottom of the sea or in water space. In active systems, the information carrier is an acoustic wave, which is sent towards the bottom, after encountering an obstacle, which may be an object, or the seabed returns to the device as an echo signal. Knowledge of the sound speed propagation of in a water and the measurement of the time from the moment of sending the probe pulse to the moment of receiving the echo impulse makes it possible to determine the depth.
The Baltic Sea is characterized by variable hydrological conditions during the year affecting hydroacoustic conditions of the basin [3, 6, 7, 10, 12, 13, 19] . Surface water sound speed ranges from 1420 to 1490 m / s during the year. (Fig.1 ) presents the sound speed distribution for selected months of 2009 for the Gdańsk Deep region. Based on the measurement of salinity, temperature and depth using the Del-Grosso empirical formula [5] , the sound speed distribution was determined. The largest differences are observed in the surface layer, because the sound speed is most dependent on the temperature of the water, which changes according to the seasons. Throughout the year, the minimum value of the sound speed occurs in the intermediate layer -an unusual feature of shallow water, then it grows towards the bottom, where it reaches the value of 1450-1460 m / s.
Fig. 1 Statistics of sound speed distribution at the Gdańsk Deep
Nowadays during underwater observation there is a tendency to use a wide beam in order to cover the largest possible bottom surface (multi-beam echo sounder, side scan sonar). Consequently, the beam, or its part, is directed to water at a high angle. Side scan sonars allows to obtain a high distinguishability of objects thanks to a suitably shaped beam, which is very narrow in the horizontal plane (from 0.5˚ to 2˚), and wide in the vertical plane (30˚ -75˚) (Fig. 2) .
Fig. 2. Side scan sonar beams
The width of the beam depends, among others on the operating frequency of the device. It is connected with on the type of sonar, the resolution that increases with the depth is from about 1 cm to several centimeters (transverse resolution) and from several to several tens of centimeters (longitudinal resolution) [17] . Resolution is not the only parameter determining the accuracy and quality of the mapping. An important role is played by environmental factors such as the spatial distribution of temperature, salinity, water density, which determines the spatial distribution of the sound speed, and consequently the refraction of the acoustic beam. Also the course and speed, as well as the movement caused by the waving of the sea surface of the sonar antenna in relation to the bottom and antenna, distance from the bottom are the factors influencing the quality of sonar data.
The image in the side scan sonar is created by receiving successively sent impulses and connecting them together in the imaging device [16] . The short pulse length allows for high discrimination (Fig. 3) . Thanks to combing the bottom with a narrow impulse, we obtain a high resolution. If in this case we applied a long pulse, we would not be able to distinguish objects on the bottom -only a strong reflection would be visible. The quality of the signal is influenced by the shape of the bottom surface and the type and coverage of the sediment. Gas bubbles contained in sediments and the presence of benthos, change the elastic properties of the bottom [18] . Soft acoustic floor -covered with silt disperses less energy, due to lower acoustic impedance. Hard bottom with high acoustic impedance disperses more backward energy. This affects the diversity of the acoustic image for different geological structures (Fig. 4) . A brighter image means the occurrence of objects with good acoustic properties, e.g. rock or gravel.
Fig. 4. Change of seabed kind in the vicinity of Hel Peninsula

REFRACTION OF SOUND BEAM IN REAL SEA CONDITION
Two factors influencing the obtained results will be considered in the article. The first is related to the nonuniform distribution of the sound speed as a function of depth, the second relates to the movements of the measuring ship on the undulated surface of the sea.
Changing the sound speed as a function of depth makes the phenomenon of refraction important in the case of devices using acoustic waves as an information carrier. Refraction affects the accuracy of determining the position of objects when the acoustic wave is radiated to the water at a certain angle. Snell's laws [11] were used to determine the effect of refraction: (1) where: c 1 , c 2 are the values of sound speed in subsequent layers, θ 1 is the angle of incidence of the beam on the boundary of layers, and the angle θ 2 is the angle of refraction into the second layer, n is the number of layers. The water column has been divided into layers characterized by a different value of the sound speed, the number of layers depends on the sound speed distribution. Currently used computational equipment allows the division into any number of layers, which ensures high accuracy. If c 1 is greater than c 2 , the direction of the acoustic wave propagation is altered and the refraction angle will be smaller than the angle of incidence (negative refraction). In contrast, if c 1 is smaller than c 2 , the direction of the acoustic wave propagation is changed and the angle of refraction will be greater than the angle of incident (positive refraction).
Fig. 6 Refraction principle
The most common assumption in hydroacoustic devices is the uniform distribution of the sound speed. The fact of changing the speed as a function of depth is not taken into account. The graph in (Fig. 7) shows the change in range for internal and external rays of side scan sonar caused by the phenomenon of refraction, assuming that the beam is directed at the angle of 52.5 degree. For the internal radius changes are small, at the bottom of more than 2 meters depending on the regardless of the season (Fig. 8) . We observe much greater range differences for the external radius (Fig. 9) . The sonar range varies to over 100 meters in a year. A ship moving on a wavy sea has 6 degrees of freedom [4] -three related to a linear shift along the x, y, z axis and three related to the rotation around these axes (Fig. 10) . where: R r -rotation matrix around the x axis (3); R protation matrix around the y axis (4); R y -rotation matrix around the z axis (5), B -initial position of the transducer (Fig. 10) . The relationships described in the formulas (3), (4), (5) have been used to assess the change in radiation surface of the acoustic wave and the change in the range of hydroacoustic devices.
EFFECT OF REFRACTION
Effect of refraction is shown below basing on the results of investigation in June 2017. During the research, images of the bottom's fragments of Gdańsk Bay and information on the conditions of propagation of acoustic waves during measurements were obtained. The registration of bottom images was carried out in a continuous mode. Conditions for the propagation of the acoustic wave in June 2017 in the vicinity of the Hel Peninsula are presented in the (Fig. 11) .
Fig. 11. Sound speed distribution at different statins in the Gdansk Bay in vicinity of the Hel Peninsula in June 2017
Fig. 12. Measuring stations on the Puck Bay
The sound speed at the surface layer varies from 1480 to almost 1490 m/s. For station C4 (Fig. 12) , at a depth of about 12 meters, there is a thermocline characterized by a sharp drop in the water temperature by 4 degrees Celsius visible in the distribution of the sound speed. The sound speed at the bottom reaches the value from 1445 to 1460 m/s.
Anomalies in the distribution of the sound speed cause negative refraction. The curves in the (Fig.13) show the range of the side sonar beam under natural conditions and the one determined when assuming a constant sound speed. The largest changes in range are observed at the bottom. The distance difference for the inner radius does not exceed 70 cm.
Fig. 14. Range difference for external radius of side scan sonar
The phenomenon of refraction, even at a small depth, significantly changes the range of the side scan sonar compared to the case where the distribution of sound velocity is homogeneous, but also for different distributions measured on the same day at points slightly distant from each other (Fig. 14) . The measurement stations were located close to each other, but the difference in range reaches almost 18 meters compared to the case with uniform distribution, and about 8 meters for different measuring stations. Changing the range affects the footprint area. Negative refraction caused a reduction of the footprint area by more than 52 m 2 in relation to the footprint at the assumed constant value of the sound speed (Tab.1).
INFLUENCE OF WAVING
The transverse and longitudinal swaying of a ship's hull and at the same a hydroacoustic transducer attached to it rigidly causes the change of the angle of incidence of the acoustic beam to the bottom and thus the change of the surface of the footprint.
Movements of the measuring ship change the surface of the footprint. Roll increases the beam area on one side of the transmitter, reducing it on the other side (Fig.15) . As the roll angle increases, the footprint difference between the actual surface and the surface in the ideal center increases (Tab. 2). Pitch does not change the surface of the footprint. Changing the angle of pitch causes the footprint to move along the axis associated with the movement of the measuring vessel (Fig.  16) . The larger the pitch angle, the larger the displacement. In real conditions we are dealing simultaneously with roll and pitch, which in effect causes a change of area and shift of the footprint (Fig. 17) . The height of the wave also affects the size of the footprint. the higher the wave height, the larger the footprint changes.
When the ship is at the top of the wave, the footprint is the largest (the distance between the transducer and the bottom increases), if in the valley of the wave the footprint is the smallest (the depth is reduced by a value equal to the wavelength). The lateral inclinations of the measuring vessel cause erroneous assessment of the dimension of the object located on the seabed (Fig. 18) .
Fig. 18. Change the shape of the object
For example, there is a rectangular element with dimensions of 2m x 0.5m x 2m on the bottom. When roll equal 5° to the right side, its horizontal dimension will be 62% larger - (Fig. 18) .
( Fig. 19) and (Fig. 20) show the effect of movement of the ship on the wave on the depiction of the bottom of the Gulf of Gdansk. A small roll distorts sonar images (Fig. 18) . 
CONCLUSIONS
Natural conditions have a large impact on underwater images obtained using hydroacoustic devices. The spatial distribution of the sound speed field in the Baltic Sea is a consequence of seasonal changes in hydrological conditions into the basin. The water temperature is the factor having the greatest impact on changes in the sound speed. The nonuniform and changing in the annual cycle the distribution of the sound speed causes the refraction of the acoustic beam, which affects the accuracy of the imaging with the use of hydroacoustic devices. The waving is the second factor that influences underwater data imaging. It is a difficult issue, because the specificity of the ship's motion, and hence the measuring device, is not exactly known. It changes the range of the device and the way of displaying objects. The use of a motion sensor improves the situation to some extent. The presented results of our investigation in the Gdansk Bay show how natural conditions influence the range and the area of observation even at small depth of water.
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